This work reports research on the development of bimodal magnetic and fluorescent 1D nanoprobes. First, ferromagnetic nickel nanowires (NiNW) have been prepared by Ni electrodeposition in anodic aluminum oxide (AAO) template. The highly ordered self-assembled AAO nanoporous templates were fabricated using a two-step anodization method of aluminum foil. The surface of the NiNW were then modified with polyethyleneimine (PEI) which was previously labeled with an organic dye (fluorescein isothiocyanate: FITC) via covalent bonding. The ensuing functionalized NiNW exhibited the characteristic green fluorescence of FITC and could be magnetically separated from aqueous solutions by using a NdFeB magnet. Finally, the interest of these bimodal NiNW as nanoprobes for in vitro cell separation and biolabeling was preliminary assessed in a proof of principle experiment that involved the attachment of biofunctionalized NiNW to blood cells.
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Introduction
Nanomaterials have unique properties that can be successfully exploited for diverse applications including in the biomedical field [1] [2] [3] [4] . Among the broad range of nanomaterials that are currently being investigated for bioapplications, one dimensional (1D) nanostructures have received special attention due to their variable aspect ratio leading to tunable properties [5] [6] [7] . In particular, nickel nanowires (NiNW) exhibit ferromagnetic properties that allow easy magnetic manipulation at low external magnetic fields, thus appearing as good candidates for several biomedical applications, including cell manipulation and separation [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] . According to reports on comparative studies of magnetic cell separation involving spheroidal nanoparticles and nanowires, the latter systems seem more efficient due to their magnetic anisotropy and strong magnetic moment [8, 12, 13, 17, 21, 22] . As a result, larger amounts of pure bioanalytes can be isolated using magnetic nanowires.
However, the use of NiNW as movable probes to manipulate biological systems has emerged as the distinctive application for these ferromagnetic systems. Indeed, several reports have described the potential use of NiNW as magnetic tweezers for cell manipulation under low-strength magnetic fields. Examples include the possibility to handle cellular and subcellular objects in aqueous environments by rotating magnetic NiNW [23] , the controlled manipulation of micro-and nano-scale objects by using mobile microvortices generated by rotating nanowires [24] , and the use of such rotating Ni NW for propulsion and cargo transport [25] .
Additionally, NiNW can be coupled to other phases in order to extend the chemistry platform offered by these nanostructures. Thus, multisegmented Ni-Au nanowires prepared by template electrodeposition have been used in protein separation from complex biological mixtures, with the Au segment offering additional sites for the chemisorption of S donor molecules [26, 27] . The development of NiNW for in vitro diagnosis might benefit from the integration of other functionalities that allows complementary uses to magnetic manipulation. In particular, specifically designed fluorescent NiNW can serve as nanoprobes for optical monitoring in magnetic cell manipulation and separation [9, 18] . This is particularly relevant as there is evidence that NiNW alone can induce changes in the cytoskeleton [20] , hence fluorescent surface modified NiNW might be an interesting alternative. Although the ferromagnetic properties of NiNW are well established, there is lack of chemical routes that confer fluorescence behaviour to NiNW to be applied as multifunctional nanoprobes [17, 28] . Additionally, biofunctionalization strategies aiming the specific interaction of NiNW with biotargets have been scarce.
A common approach to use nanomaterials for biomedical applications is to chemically modify the surface of the nanoparticles to improve their biocompatibility.
Polyelectrolytes functionalized with fluorescent entities are convenient systems by which magnetic nanoparticles can be modified to produce fluorescent magnetic carriers [29] [30] [31] [32] [33] [34] . In addition, attachment of polyelectrolytes to the NiNW surfaces improves their colloidal stability in aqueous medium. In this work, the attachment of a conventional organic fluorophore (FITC) to the surface of NiNW is reported. It is shown that the polyelectrolyte PEI can act as an effective macromolecular linker to FITC and the NiNW. As a proof of principle experiment, the modified NiNW were employed as fluorescent nanoprobes in the magnetic separation of bovine blood platelets. Dulbecco's PBS, purchased from Invitrogen. All chemicals were used as received and all aqueous solutions were freshly prepared using ultrapure water (18.2 mΩ cm −1 ).
Experimental

Chemicals
Syntheses
Ni nanowires were fabricated by electrodeposition using anodized aluminum oxide (AAO) membrane ( Figure 1a ) with cylindrical nanopores of 35 nm in diameter and 5 µm thick. These dimensions have been selected in order to obtain high aspect ratio particles whose high coercivity and remanence lead to more efficient cell sorting and bioseparation tasks [35] . Anodization of aluminum foil was carried out by a two-step anodization process with 0.3 M oxalic acid as an anodizing solution at 40 V and 4 ºC. The synthesis of PEI-FITC was based on the reaction between the isothiocyanate group of FITC and the primary amino group of polyethyleneimine [37] . A reaction scheme for this process is shown in Figure 1b . The FITC (12.6 mg) was added to 312.6 mg PEI in 30 ml ultra-pure water. The resulting solution was kept in dark conditions under magnetic stirring and after adjusting its pH to 11. Dialysis of free FITC was carried out by immersing the dialysis membrane (molecular weight cut-off 12-14 kDa, Medicell International) containing the PEI-FITC solution into 1 L of distilled water, previously placed in a beaker wrapped in aluminum foil, under magnetic stirring and at room temperature. This process took one week, during which the supernatant water has been exchanged daily; the dialysis membrane containing PEI-FITC was kept in dark conditions except during the few minutes required to water exchange.
As illustrated in Figure 1c , the NiNW were then functionalized with PEI-FITC.
Hence, 5 mg of the ensuing NiNW were mixed with 5 ml of an aqueous solution of PEI/FITC at pH= 5.5. This mixture was mechanically stirred (600 rpm) at room temperature for 1 h. The resulting functionalized nickel nanowires were collected as powders by using a NdFeB magnet and were thoroughly washed with ultra-pure water. 
Magnetic bioseparation procedure
For in vitro cellular interaction experiments, a suspension of bovine blood cells was 
Characterization of the Ni nanowires
Fourier transform infrared (FTIR) spectra of FITC and PEI-FITC samples were recorded using a spectrometer Bruker optics tensor 27 coupled to a horizontal attenuated total reflectance (ATR) cell, using 256 scans at a resolution of 4 cm -1 . The X-ray powder diffraction patterns were recorded using a X-ray diffractometer Philips X'Pert equipped with a CuK α monochromatic radiation source. Transmission electron microscopy (TEM) analysis was performed by using a FEI Tecnai T20 microscope operating at 200 keV. Samples for TEM analysis were prepared by placing an aliquot of a dilute suspension of Ni NW on a copper grid coated with an amorphous carbon film. For SEM analysis an aliquot of a dilute nanowires suspension was allowed to air dry on glass slides and then were coated with evaporated carbon. SEM was performed using a scanning electron microscope Hitachi SU70 operating at an accelerating voltage of 25 kV. Zeta potential measurements were performed by using a Zetasizer Nanoseries instrument of Malvern Instruments. Fluorescence measurements were performed using a fluorometer FluoroMax3 -HORIBA Jobin Yvon and using quartz cuvettes. The magnetization measurements were performed using a commercial Vibrating Sample Magnetometer (VSM; LOT-Oriel EV7), operating at room temperature, in which an electromagnet provides a magnetic field that reaches the maximum value of 1.5 T (for a minimum gap of 3 cm) and also allows adjustable angles between -180º to 180º during the measurements. The nickel samples employed in the VSM measurements were prepared as follows. The alumina template was first removed as described above. The powders were then thoroughly washed with water and dried under a N 2 stream. Finally the powders were placed in a diamagnetic sample holder where the measurements were carried out.
Results and Discussion
The nickel nanowires (NiNW) used in this research have been fabricated by a template-assisted method, using Ni electrodeposition in anodic aluminum oxide (AAO) templates [38] [39] [40] [41] . The morphological characteristics of NiNW prepared by this method can be adjusted by the anodization voltage and time of the second step, during the formation of the membrane in nanoporous AAO [40, 41] . The anodizing rate was set at 2.5 µm/h for a deposition time of two hours to produce NiNW with an aspect ratio of 140. The resulting NiNW, after the template removal, were analyzed by vibrating sample magnetometer (VSM) and powder X-ray diffraction (XRD), as well as, by scanning and transmission electron microscopies (SEM and TEM). Figure   2 shows the SEM and TEM images for a typical NiNW sample obtained in these conditions. The obtained NiNW present homogeneous diameter and length of 35 nm and 5 µm, corresponding to the AAO pore diameter and template thickness, respectively. The powder XRD patterns confirmed unequivocally the presence of the nickel phase (face-centered cubic structure, fcc) exhibiting three peaks that corresponds to the (111), (220) and (200) planes of fcc Ni, with the relative higher intensity of the (111) reflection at 2θ = 45° ascribed to the anisotropic growth of these nanostructures ( Figure 3 ) [21, 35, 36, 42] . As reported by other authors [43, 44] , the NiNW tend to oxidize at the surface forming a thin oxide layer of NiO ( 5 nm) that is usually not detected by XRD due to its amorphous nature. It has been reported that the native metal oxide layer at the surface of the Ni NW limits the cytotoxicity of these materials [23] . The functionalized PEI-FITC polyelectrolyte was used to modify the surface of the NiNW. Therefore aqueous suspensions of NiNW were treated with solutions of the functionalized polyelectrolyte and the powders were magnetically separated. In Figure 7 , the fluorescence emission spectra of suspensions of these powders exhibit the characteristic absorption due to FITC. We note that these suspensions have been prepared from NiNW that have been magnetically separated and thoroughly washed with distilled water. Hence, the fluorescence observed for the NiNW samples is due to FITC that has been grafted onto the PEI, whose macromolecular chains are interacting with the NiNW surfaces. The bathochromic shift of 16 nm observed in the emission maximum ( Figure 7 ) between PEI-FITC and the fluorophore FITC has previously been reported and is related to the changes of the local environment of dye molecules, such as changes in polarity or polarizability [48, 49] . In PEI-FITC, the number of dye molecules that are in each others vicinity increases causing interactions between neighboring molecules, which lowers their excited state energy and produces a red shift in the spectra. These interactions are less favored at the NiNW-PEI-FITC sample once the polyelectrolyte is adsorbed at the nanowire surface, thus explaining the less pronounced shift observed in the spectrum of the PEI-FITC modified NiNW sample. as hydrogen bonding between surface OH groups (due to nickel oxidation described above) and the amino groups of PEI [50] .
Finally, preliminary experiments were carried out as proof of principle for the multifunctionality associated to the modified NiNW as magnetic and fluorescent bioprobes, using a suspension of bovine blood cells. Previous studies, which employed leukocyte suspensions, have shown that surface modification with PEI of polyurethane films/filters improved leukocyte removal and adhesion to surfaces; however, no improvement was found when whole blood was used [51, 52] . Leukocytes have a negative zeta potential [53] and therefore are prone to interact strongly with the positive surface of the NiNW. However, other types of interactions are certainly involved, such as hydrogen bonding between groups on the leukocyte membrane and electronegative nitrogen atoms of PEI [52] [53] [54] . Moreover, it has been widely accepted that surface wettability and hydrophilicity also influence the adhesion of leukocytes [53, 54] . As such, the mechanism of the cell−PEI-NiNW interaction cannot be anticipated at this stage.
Leukocyte adhesion plays a predominant role in leukocyte depletion, which is applied clinically to remove these cells from blood. In some situations, such as in blood transfusion, it is necessary to reduce the concentration of leukocytes in blood, in order to prevent leukocyte-mediated adverse effects [51, 54, 55] . Therefore, the materials described here may contribute to develop additional tools for the depletion of leukocytes, taking advantage of the ferromagnetic properties of nickel nanowires.
Conclusions
In conclusion, ferromagnetic nickel nanowires prepared on anodic aluminum oxide 
